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ABSTRACT

The biomineralization process in molluscan shells is controlled
by an extracellular organic matrix, embedded in a fluid, pro-
duced by the calcifying outer mantle epithelium (OME) and
secreted within the extrapallial compartment,

In the present work, the study subject is the nacreous layer of
the freshwater bivalve Anodonta cygnea and the functional role
of its organic matrix, which is still a targe field to explore. From
the organic matrix it was possible to extract two fractions, but
only the scluble fraction was studied. Different techniques
were used, including biochemical protein characterization by
electrophoresis for the extrapallial fluid and the shell, quantifi-
cation and detection of the matrix proteins and glycosamy-
noglycans (GAGs) directly in the shell, through immunogold
techniques, using SEM and ATR-IR observations. Seven pro-
tein fractions in both extrapallial fluid and shell were detected
by electrophoretic analysis with molecular weights of approxi-
mately 102/108, 76/74, 66/66, 60/52, 45/43, 35/35 and 31/29 KDa,
respectively. This may suggest a narrow functional correlation
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between specific proteins from the extrapatlial fluid and the
shell. Despite the low percentage of the organic matrix relative
to the whole nacreous shell, it was observed that it is mainly
composed of proteins (13.40-23.32 mg/m!) and GAGs (2.50—
3.12 mg/ml), which appear to be very relevant on the micro-
structure and pelymorphism organization of the major calcium
carbonate fraction. In agreement, the immunogold technique
showed that the shell organic matrix is mainly intercrystalline.
Additionally, the common detection by infrared spectroscopy
of amide groups on both soluble shell matrix and solid shell
crystal fraction suggests that this molecule is one of the intra-
crystalline inductors of the aragonite crystals formation in the
nacreous layer of A. cygnea.

Additional  Keywords: biomineralization, extrapallial fluids,
organic matrix

INTRGDUCTION

The shell structure in the molluscan shell carries a good
historical record that helps explain the evolution of this
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group of animals since the Cambrian period. Shells are
secreted by a vast majority of the estimated 70,000
76,000 named molluscan species (estimate in Rosenberg,
2014) and their construction begins in the early stages of
development and almost continuously during s their entire
life (Boggild, 1930; Marin and Luquet, 2004). The shell
crystals in bivalves show a great variety of morphologies
and organization levels originating different microstruc-
tures and polymorphisms (Checa et al., 2007; Lopes-
Lima et al., 2010). However, all of them are constituted
by caleinn carbonate representing 95-99% of the shell
and by 1-5% corresponding to organic matrix (Duplat
et al., 2006). Adult shells are hlg,hly variable being built
up of one or more shell layers, each of which may have
a different microstructure (Boggild, 1930; Weiss et al.
2002). In a longitudinal section, the Unionidae shell reveals
generally two calcified layers, prismatic and nacrcous
ldw(s and one outer organic layer, the periostracum,
which protects the c ll(.lﬁ(‘d layers from water dissolution
(Boggild, 1930; Moura et al. 2003; Marin and Luquet,
2004). The most common mineral polymorphs identified
in the calcified layers of calcium carbonate are aragonite
and/or calcite (Weiner, 1983; Checa et al., 2007). In the
families Pinnidae and Pteriidae the shell has one internal
layer with calcium carbonate in the aragonite form and
another external in the calcite form whereas in the
Unionidae family the two calcified layers are both arago-
nitic (Boggild, 1930; Taylor et al., 1969; Caiping et al.,
2005; Marie et al., 2007).

Periostracum I z

Prismatic
layer

Nacreous
layer

Figure 1.

Although the shell calcification process occurs outside
the hvmg tissues, it is neither in contact nor dlrcctly
dependent on the external environment. The process is
mainly depen(lel*t on three components: a closed com-
partment where the calcification occurs, an ionic mem-
brane transport and an extracellular organic matrix
(Moura et al., 2003). The closed compartment filled with
extrapallial fluid is bounded by the shell, the periostracum,
and the calcifying outer mantle epithelium (OME). This
isolation is critical to provide a supersaturated environ-
ment which is essential for the formation of crystals
(Marin and Luquet, 2004). The extracellular organic
matrix, secreted by the caleifying epithelium towards the
extrapallial fluid, consists of a complex mixture of pro-
teins, glycoproteins, proteoglycans and chitin (Moura, 2000;
Pereira-Mouries et al., 2002). This matrix has important
roles in the physical-chemical interactions involved in
crystal nucleation, polymorphic seleetion, growth, and inhi-
bition (Marxen and Becker, 1997; Levi-Kalisman et al.,
2001; Pereira-Mourics et al., 2002).

Little is known about the extracellular organic matrix
of the unionid freshwater mussel Anodonta cygnea. The
shell exhibits the three layers already mentioned and,
though the two calcified layers present different micro-
structures, both correspond to the same calcium carbon-
ate polymorph, aragonite. According to Moura et al.
(2000) there are 4-6 protein fractions in the calcifying
fluids of A. eygnea.

SEM images of the shell of Anodonta cygnea in back-scattered electron mode. (A) The three layers are perfectly distinct

in transversal sections; magnification of prismatic (B) and nacreous (C) layers.
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Prismatic
layer
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Figure 2. SEM images of the external shell surfaces of
Anodonta cygnea in back-scattered electron mode (A). Magni-
fication of prismatic (B) and nacreous (C) layers.

The objective of this work is to study the soluble fraction
of the extracellular organic matrix from the extrapallial
fluid and nacreous layer of the freshwater mussel
Anodonta cygnea, in order to gain further knowledge
about its components. The main goal was to extract and
purify the organic matrix from the shell in order to quan-
tify and analyze it by electrophoresis and Attenuated Total
Reflectance-Infrared Spectroscopy (ATR-IR). The direct
visualization of the organic matrix presence in the shell
was also an aim of the study, through the use of immuno-
histochemical techniques.

MATERIALS AND METHODS

ORrcANIC MATRIX EXTRACTION, QQUANTIFICATION AND
SDS-PAGE ANALySIS

Freshwater bivalves, Anodonta cygnea, were collected from
the bottom of Mira Lagoon (40°26.712N, 8°47.817W) in
the end of July 2012. The nacreous layer organic matrix
was extracted as described by Caiping et al. (2005) with
the following exceptions: the initial amount of nacreous
layer sample was higher (90 g), the dialysis was performed
against ultrapure water and, at the end, the sample powder
was re-dissolved in PBS buffer.

The TCA-DOC protein precipitation technique was
used for the extraction of very low contents of soluble
protein from the extrapallial fluid. For this, to the extra-
pallial fluid, was added 1/100 vol. of 2% DOC (sodium

deoxycholate), followed by the addition of 1710 of trichlo-
roacetic acid (TCA) 100% and centrifuged for 15 min at
4 °C in a microfuge at maximum speed (15000 g). For the
SDS-PAGE, the protein pellet was re-suspended in a
minimal volume in PBS buffer.

In this work only the soluble fraction was analyzed.
Two independent replicas of the extraction were accom-
plished. Total protein and glycosaminoglycans concentra-
tions in the shell were determined respectively according
to the methods of Bradford (1979) and Whiteman (1973).
Protein fractions from the extrapallial fluid and shell
samples and molecular weight standard were separated
and analyzed using a mini-SDS-PAGE system in 8%
polyacrylamide gels at 130V during 60 min and stained
with silver nitrate (Gromova and Celis, 2006).

PEPTIDE Mass MAPPING FROM THE EXTRAPALLIAL FLUID
AND SHELL PROTEIN BAND

The observed protein band from the SDS-PAGE gel was
cut and transferred to the Eppendorf tubes before being
sent to Alphalyse, Inc. (USA) for peptide mass mapping.
From the seven protein bands detected, only the five
marked bands with highest expression were sent for
analysis (Figure 4). The protein samples were reduced
and alkylated with iodoacetamide, i.e., carbamidometh-
vlated, and subsequently digested with trypsin and chy-
motrypsin. Trypsin cleaves after lysine and arginine
residues. The resulting peptides were spotted directly
onto an anchorchip target or were concentrated on a
C18 ZipTip micropurification column and eluted onto
an anchorehip target for analysis on a Bruker Autoflex
Speed MALDI TOF/TOF instrument. The peptide mix-
ture was analyzed in positive reflector mode for accurate
peptide mass determination (MALDI-MS).

POLYCLONAL ANTIBODIES PRODUCTION AND VISUALIZATION OF
THE SHELL ORGANIC MATRIX BY IMMUNOCOLD TECHNIQUE

The polyclonal antibodies were produced in two rabbits.
For each immunization 100 pg of organic matrix were
injected in the intradermic neck region. The immuniza-
tion procedures were reinforced after 30 and 42 days.
Bleedings were carried at 0 (pre-immune serum), 30, 42,
and 54 days. The sera were then titrated by standard
ELISA assays, for evaluation of the more appropriate
antibody concentration. The third bleeding was then
chosen and used in the following procedures. IgGs were
purified in a protein G column (GE Healthcare) and
used in the immunogold assays. This assay was per-
formed as described by Marin et al. (2007). Briefly, the

Table 1 Quantitative results of organic matrix extraction from the nacreous layer of A. cygnea.

Initial shell Final organic matrix

Organic matrix Total proteins Total GAGs

Sample (g) powder (g) %o (wiw) (mg/ml) (mg/ml)
1 90 0,0347 0,039 23,32 + 0,27 3,12+ 0,11
2 90 0,0476 0,053 13,40 £ 0,35 205+ 0,03
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nacreous laver was broken in small pieces and etched
with EDTA 1% (wA), pH 7.5 during 2-3 min with agita-
tion. The pieces were then incubated overnight with a
1:3000 dilution of the IgGs produced against the organic
matrix. The secondary antibody used (Anti-rabbit [gG —
Gold antibody produced in goat, affinity isolated anti-
body. aqueous glycerol suspension, 5 nm, Sigma) was
diluted 1:400 and incubated during 2 h. The silver
enhancement was performed with a Silver Enhancer Kit
by Sigma. As a negative control the pieces were first
incubated with pre-immune serum. The results were
observed through scanning electron microscopy (SEM).

Scanning Electron Microscopy Imaging (SEM) of
the Shell and Attenuated Total Reflectance-Infrared
Spectroscopy (ATR-IR) of Aqueous Shell Matrix.

Untreated shell pieces were gold-coated (FINE-COAT
Ton sputter JFC-1100) and glued to aluminum stubs for
SEM observations using JEOL JSM-35C scanning elec-
tron microscope operated at 15 keV in Centro de
Materiais da Universidade do Porto (CEMUP). Shell
pieces treated with immunogold technique were carbon-
coated and analyzed in back-scattered electron mode
at 15 keV.

Two aqueous samples of soluble organic matrix were
analyzed by ATR-IR using a Bruker Tensor-27 spec-
trometer equipped with a DTGS (deuterated triglycine
sulfate) single detector plate and a horizontal ATR
unit, where a horizontal ZnSe ATR crystal was mounted
at 45 in a 30 ml rectangular cell made of polypropyl-
ene. Sdmplcs were run in the fr(‘qmnc» range S00-
4000 cm Additionally, few milligrams of nacreous
shell layer were extracted from the freshwater mussel
A cygnea and then were analyzed by infrared spectros-
copy in absorbance mode using a BRUKER Tensor-45
spectrometer. The pellet disks of 1.5 e diameter were
prepare *d by mixing 1 mg of sample with 200 mg KBr and
pressing at 10 I\{,/cm

RESULTS AND DISCUSSION

CHARACTERIZATION OF THE NATURAL MICROSTRUCTURE
OF ANODONTA CYGNEA

SEM observations (Figures 1 and 2) highlight the nature
of the shell microstructure in the freshwater mussel
A cygnea. The three different layers are evident: one
organic (periostracum) and two calcareous layers (pris-
matic and nacreous). In the prismatic layer the aragonitic
cxystuls are ()rgunize(l in prisms covered with organic
matrix surr()un(ling them, whereas in the nacreous laycr
the crystals are organized with the shape of tablets with
organic matrix between them.,

In this work, we have mainly focused on the nacre-
ous layer, specifically in its organic matrix. Regarding
the shell nacreous ld\/(‘ the (lUdIltltdtl\J(‘ results of its
main orgdmc components are presented in Table 1. As
described in the literature for A. cygnea by Moura et al.

MW E S
KDa

200

% i 1 O 6

66

Figure 3. SDS-PAGE of the soluble organic matrix extracted
from the extrapallial fluid (E) and shell nacreous layer (S) of
Anodonta cygnea. MWV: molecular weight standards; E: Protein
fraction from the extrapallial fluid; S: Protein fraction from
the shell.




A. Lopes et al., 2014

Page 109

(2000) and for other species of bivalves (Marie et al.,
2007), it was also stated that the organie matrix repre-
sents a small amount of the total shell weight. The
majority of this matrix is represented by proteins (13.40-
23.32 mg.ml 1, while the glycosaminoglycans (GAGs)
were found in lesser amounts (2.50-3.12 mg.nl ).
Although present in smaller amounts, GAGs are always
found in the organic matrix, denoting their importance in
most bi()mineralizing systems (Pereira-Mourics et al.,
2002; Moura et al., 2000, 2003; Lopes-Lima et al., 2005,
2010). Naturally, the total protein and GAGs contents
were higher in the shell matrix compared to the organic

fluids as reported by Moura et al. (2000) for the same
period. In fact, these results confirm that the shell matrix
structure act as a sponge. Furthermore, while results
of Moura et al. (2000) reported 6 protein fractions on
the haemolymph and extrapallial fluids along the year,
the present study adds complementary data based on the
detection of seven different protein bands in extrapallial
fluid which are similar to others in the shell matrix of
A. cygnea (Figure 3).

The SDS-PAGE technique recorded seven protein
fractions with molecular weights hands of approximately
102-106, 76-74, 66-66, 60-52, 43-43, 35-35, and 31-29 KDa,
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Figure 4. Diagram of a spectra of peptides mass mapping of soluble organic matrix extracted from the extrapallial fluid (E1-E
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and shell nacreous layer (S1-S5) of A cygnea by MALDI-MS determination.




Page 110

THE NAUTILUS, Vol. 128, No. 4

respectively in the extrapallial fluids and in the shell
matrix (Figure 3). However, from these seven bands, only
five were submitted for peptide mass analysis, since the
two heaviest (74-106 KDa) showed poor resolution.
According to Moura et al. (2000), the protein bands in
the fluids can show different expression levels along the
year, which can be correlated with its own functxondl role
in the shell. Similar studies by electrophoresis have been
previously performed in at least three familics of mol-

lusks, two of them in the Bivalvia, and the number of

protein fractions found was also low (Marxen and Becker,
1997; Pereira-Mouries et al., 2002; Caiping ct al., 2005;
Marie et al., 2007). Yet, r(’(rardmg tlle number of bands,
these lesults revealed great conformity with previous
studies, which state 1)(*twecn 4 to 6 bands, depending on
the musstl species (Misogianes and Chasteen, 1979;
Keith et al., 1993; Moura et al., 2000). Curiously, the
new data showed that the seven protein fractions pres-
ent close molecular weight both on the shell matrix and
extrapallial fluid samples. This finding may point out
that specitic proteins in the extrapallial fluid are involved
on the shell biomineralization process in A. cygnea.
Additionally, the MALDI-MS analysis revealed a large
munber of peptides per protein band in all extrapallial
and shell fractions. There are similarities in the peptide
mass from equivalent protein bands among different
extrapallial samples and the same occurs in the shell
samples. Furthermore, similarities were also found when
comparing equivalent fractions from fluid and shell
samples (Figure 4). These statements may eventually
predict the presence of similar proteins in tluid and
shell samples. All these aspects, in general, lead us to
propose a specific functional role of fluid proteins on the
shell formation.

The results of the immunogold assay in A cygnea to
detect organic matrix protein proved to be effective and
useful. In the back-scattered electron mode, the gold
particles (covalently bound to the secondary antibody)
appeared as tiny bright spots. As shown in Figure 5,
these tiny bright spots were mainly found in the spaces
between the calcareous crystals, though some were also
observed within the crystals, denoting the presence of
organic matrix as a fundamental component on the bio-
mineral phase. Actually, these spots were distributed
either around the columnar structure of aragonite crys-
tals or filling the spaces between nacreous layers “of
aragonite crystals. This confirms that the organic matrix
may play an essential role on the mineral formation and
organization in both vertical and horizontal axes in
bivalve shell (Krampitz et al., 1983; Checa, 2000).

MOLECULAR VIBRATIONS OF THE ORCANIC MATRIX
OF THE NACREOUS LAYER

Infrared spectroscopy is a resource for a characterization
at a molecular level of the structure and bonding of
surface functional groups and adsorbed species. In this
study, ATR-IR spectra of aqueous ()r(ramc matrix shows
two molecular vibrations at 3300 em~ ' and 1640 cm !
(Figure 6) corresponding to amldc group (amide-A). The
deld observed at 3300 ¢cm ™ is very broad because the
O-H stretching band appears as a typlcal polymeric
hydrogen bonded envelope near 3300 cm ! This means

that the polymeric hydrogen bonding donors are part
of the amide-A (C-H) group which displays strong
and broad ( -H asymmetric stretching dbsorptl()ns
at 3300 cm—

. The molecular vibration at 1640 cm

Figure 5
result in a transversal view.

[inmunogold assay results. Topographical view of (A) negative control, (B) and (C) test with positive results; (D) positive
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Figure 6. ATR-IR spectra of aqueous organic matrix from nacreous layer A. cygnea.

represents a symmetric C-O stretching. A band may be
attributed to the presence of some C-O (amide 1°-band).
On the other hand, nacreous solid samples analysed
(Figure 7) s how a strong stretching vibration of COy>
at 1470 em™ u)rrespondinu to v5 vibration mode, which
is relevant for dm;,()lut@ structure. The v, dsymm(trlc
bending vibration at 660 em ! is also observed, Whl(.h
suggests a higher Ca>" contribution than Sr** or Mg‘
in aragonite structure. The vibration at 710 cm’ U also
corresp()nds to the v, vibration mode (O-C-O) in plane

3.5 1
1470 cm-S

1,5 1

Absorbance

[}
(8]
A

bending of COs>". The vibration band at 1016 cm !

corresponds to the v, vibration mode of CO;™ . The

- . .
shoulder at about 1600 em ' is related with amide-1
functional group.

CONCLUSIONS

In general, this study provides new information on the
organic shell matrix of Anodonta cygnea and confirmed
similarities with other studied families. Despite its small

1600 cm-1

0 500 1000 1500

¥ 2 2 Y v Y

2000 2500 3000 3500 4000

Wave number cm-1

Figure 7. FT-IR spectrum of the internal nacreous layer (with aragonitic structure) collected from the freshwater mussel Anodonta
cygnea shell.
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percentage, the organic matrix, constituted mainly by
plotems and sulfated GAGs, has a relevant influence
on microstructure (proteins) and on the crystal nucle-

ation (sulfated GAGs) during the formation of the calcium
carbonate layers (Moura et al., 2000; Lopes-Lima et al.
2005). \ddltlonall\ it has been suggested (Tong et al.,

2002) that while” the intra- crystalline organic dtI’l\,
mainly composee of small negatively churged molecules,
pr(m’dos nucl('ating points and indices nucleation process
(Nudelman et al., 2006), the inter-crystalline organic
framework possesses a more complex or g¢u1ic composition
and is responsible for supporting, limiting size and shape,
and determining crystal growth S[)dtldl orientation.

In the pre se*nt stll(ly, fluid and nacreous protein frac-
tions, composed by similar weight molecular peptides as
found by electrophoretic and MALDI-MS analysis as
well as the protein matrix observed in the nacreous by
SEM hystochemical techniques, seem to play mainly an
inter-crystalline role in the shell biomineralization. On
the other hand, the results obtained from soluble matrix
and solid nacreous samples by infrared spectroscopy anal-
yses, showing the similar occurrence of an amide group,
probably points out an intra-crystalline factor contributing
for the aragonite crystal formation in the nacreous layer
of A. eygnea. In fact, according to Choi and Kim (2000),
Xiao et al. (2003) and Kasat et al. (2006), the great elec-
tronegativity of oxygen allows amides to act as H-bond
acceptors Lhdng_,m(r the H-bonding states of C=0 groups
and consequently may define s (‘(()I](Lll‘} structure and
polymer crystallinity. Possibly, the amide-1 group is
involved in the calcium carbonate intra-crystalline struc-
ture acting as an inductor of aragonite polymorph.

ACKNOWLEDGMENTS

The authors were supported by Fundagio para a Ciéncia
e Tecnologia (FCT) under projects PTDC/MAR/095066/
2008, PTDC/AAC-AMB/117688/2010, Sch()larship
SFRH/BI/33128/2007 and COST Action TD0903.

LITERATURE CITED

Boggild, O.B. 1930. The shell structure of the mollusks. Det
Kongelige Danske Videnskabernes Selskabs  Skrifter
Rackke 9: 233-326.

Bradford, M.M. 1976. A rapid and sensitive method for quan-
titation of icrogram quantities of protein utilizing the
principle of protein-dye binding. Analytical Biochemistry
72: 248-254.

Caiping, M.A., Z. Cen, N. Yancheng, X. Liping, and Z.
Rongqing. 2003. Extraction and purification of matrix
protein from the nacre ol pearl oyster Pinctada fucata.
Tsinghua Science and Technology 10: 499-503.

Checa, A. 2000. A new model for periostracuin and shell for-
mation in Unionidae (Bivalvia, Mollusca). Tissue & Cell
32: 405—-416.

Checa, A., C. Jiménez-Lopez, A. Rodriguez-Navarro, and J.P.
Machado. 2007. Precipitation of aragonite by ealcitic

bivalves in Mg-enriched marine waters. Marine Biology
130: 819-827.

Choi, C.S., Y.W. Kim. 2000. A study of the correlation between
organic matrices and nanocomposite materials in oyster
shell formation. Biomaterials 21: 213-222.

Duplat, D., M. Puisségur, L. Bédouet, M. Roussean, H.
Boulzdgju(t C. Milet, D. Sellos, A. Van Wormhoudt, and
E. Lopez. 2006. ldentification of calconectin, a calcium-
binding protein specifically expressed by the mantle of
Pinctada margaritifera. FEBS Letters 580: 2435-2441.

Gromova [. and J.E. Celis. 2006. Protein detection in gels
by silver staining: A Procedure Compatible with Mass-
Spectrometry, in: Celis J.E., N. Carter, T. Hunter, K.
Simons, J.V. Small, and D. Shotton (eds.) Cell Biology: A
Laboratory Handbook, 3rd edition, vol. 4. Academic
Press, Elsevier, pp. 412-429.

Kasat R., Y. Zvinevich, H. Hillhouse, K. Thomson, N. Wang,
and E. Franses. 2006. Direct probing of sorbent-solvent
interactions for amylose Tris(3,5-dimethylphenyl-carbamate)
using infrared spectroscopy, X-ray diffraction, solid-state
NMR, and DFT modeling. Journal of Physiclogy and
Cl]CmiStry—B 110: 14114-14122.

Keith J., S. Stockwell, D. Bail, K. Remillard, D. Kaplan, T
Thannhauser, R. Sherwood. 1993. Comparative analysis
of macromolecules in mollusc shells. Comparative Bio-
chemistry and Physiology Part B: Comparative Biochem-
istry 105: 1S7-496.

Kranpitz, G., H. Drolshagen, J. Hausle, and K. Hof-Irmscher.
1983. Organic Matrices of Mollusc Shells. In: Westbroek,
P. and E.W. Jong (eds.) Biomineralization and Biological
Metal Accumulation. D. Reidel Publishing Company,
pp- 231-247.

Levi-Kalisman, Y., G. Falini, L. Addadi, and S. Weiner. 2001.
Structure of the nacreous organic matrix of a bivalve
mollusk shell examined in the hydrated state using
Cryo-TEM. Journal of Structural Biology 135: 8-17.

Lopes-Lima, M., L.R.A. Ribeiro, R.A. Pinto, and J. Machado.
2005. fsolation, purification and characterization of gly-
cosaminoglycans in the fluids of Anodonta cygnea. Com-
parative Biochemistry and Plnsmlog\ Part A: Molecular &
Integrative l’h\mologv 141: 319-326.

Lopes-Lima, M., A. Rocha, F. Gongalves, j. Andrade, and J.
Machado. ‘2()1(). Microestrutural characterization of inner
shell layers in the freshwater bivalve Anodonta cygnea.
Journal of Shellfish Research 29: 1-5.

Marie, B., G. Luquet, |.P.P. de Barros, N. Guichard, S. Morel,
G. Alcaraz, L. Bollache, and F. Marin. 2007. The shell matrix
of the freshwater musscl Unio pictorum (Paleoheterodonta,
Unionoida) — Involvement of acidic polysaccharides from
glycoproteins in nacre mineralization. FEBS Journal 274:
2933-2943.

Marin, F. and G. Luquet. 2004. Molluscan shell proteins.
Comptes Rendus Palevol 3: 469-492.

Marin, F., B. Pokroy, G. Luquet, P. Layrolle, and K. De Grrot.
2007. Protein mapping of calcium carbonate biominerals
by immunogold. Biomaterials 28: 2368-2377.

Marxen, J.C. and W. Becker. 1997. The organic shell matrix of
the freshwater snail Biomphalaria glabrata. Comparative
Biochemistry and Physiology Part B: Comparative Bio-
chemistry 118: 23-33.

Misogianes, M.J. and N.D. Chasteen. 1979. A chemical and
spectral characterization of the extrapallial fluid of Mytilus
edulis. Analytical Biochemistry 100: 324-334.




A. Lopes et al., 2014

Page 113

Moura, G. 2000. Study of calcifieation mechanisins in a bivalve
model. PhD Thesis. Institutc de Ciéncias Biomédicas
Abel Salazar, Universidade do Porto, Portugal.

Moura G., L. Vilarinho, A.C. Santos, and J. Maehado. 2000.
Organie compounds in  the extrapallial fluid and
haemolymph of Ancdonta cygnea (L.) with emphasis on
the seasonal biomineralization process. Comparative
Biochemistry and Physiology Part B: Comparative Bio-
chemnistry 125: 293-306.

Moura, G., J. Machado, and J. Coimbra. 2003. Insights on
nacre formation in the freshwater clam, Anodonta cygnea
(L.): an Overview. In: Kobayashi, I. and H. Ozawa (eds.)
Biomineralization (BIOM2001): formation, diversity, evo-
lution and application, Proceedings of the 8th Interna-
tional Symposium on Biomineralizations, Tokai University
Press, Kanagawa, pp. 129-132.

Nudelman, F., B.A. Gotliv, L. Addadi, S. Weiner. 2006. Mollusk
shell formation: Mapping the distribution of organic
matrix components underlying s single aragonitic tablet
in nacre. Journal of Structural Biology 153: 176-187.

Pereira-Mouriés, L., M.]. Almeida, C. Ribeiro, ]. Peduzzi,
M. Barthélemy, C. Milet, and E. Lépez. 2002. Soluble
sitk-like organic matrix in the nacreous layer of the
bivalve Pinctada maxima — A new insight in the Biomin-
eralization field. European Journal of Biochemistry 269:
4994-5003.

Rosenberg, G. 2014. A new critical estimate of naned species-
level diversity of the recent Mollusca. American Malaco-
logical Builetin 32: 308-322.

Taylor J.D., W.J. Kennedy, and A. Hall. 1969. The shell struc-
ture and mineralogy of the Bivalvia. Bulletin of the British
Museum of Natural History (Zoology) Supplement 3,
125 pp., 29 pls.

Tong, H., J. Hu, W. Ma, G. Zhong, S. Yao, and N. Cao. 2002.
[n situ analysis of the organic framework in the prismnatic
layer of molluse shell. Biomaterials 23: 2593-2598,

Weiner, S. 1983. Mollusk shell formation: isolation of two
organic matrix proteins assoeiated with calcite deposition
in the bivalve Mytilus californianus. Biochemistry 22:
4139-4145.

Weiss, 1., N. Tuross, L. Addadi, and S. Weiner. 2002. Mollusc
larval shell formation: amorphous calciuin carbonate is a
precursor phase for aragonite. Journal of Experimental
Z()Ol@gy 2093: 478-491.

Whiteman, P. 1973. The Quantitative Measurement of Alcian
Blue-Clyeosaminoglycan Complexes. Bioehemical Journal
131: 343-350.

Xiao, 8., X. Zheng, Z. Wang, and R. Wang. 2005. A study of the
organic matiix of cuttlebone: molecular weights, charac-
terized infrared spectrum and amino acid composition.
Phuket Marine Biological Centre Research Bulletin 66:
235-241.




